Mutant ts DI is the only member of complementation group D of vesicular stomatitis virus (VSV), New Jersey serotype (Pringle, Duncan & Stevenson, 197I ). At the non-permissive temperature (39 °C) both virus RNA and structural proteins are synthesized in BHK-21 cells infected with this mutant (Wunner & Pringle, I972b ).
INTRODUCTION
The virus particle of vesicular stomatitis virus (VSV) comprises three major structural proteins, two minor proteins and a single-stranded RNA genome with a mol. wt. approx. 4 x lO 6. Two of the major proteins are associated with the lipid-containing membrane sheath surrounding the nucleocapsid. One of these envelope proteins (Ca) is glycosylated and forms the spike projections on the external surface of the particle. This glycoprotein is the major virus antigen involved in the neutralization of infectivity by VSV antiserum (Cartwright, Talbot & Brown, 197o; Kang & Prevec, 197o; Kelley, Emerson & Wagner, 1972 ) . The other membrane protein (M) forms a more integral part of the lipid layer and may interact with the nucleocapsid (Bishop & Roy, 1972) . The nucleocapsid contains the third major protein (N) and two minor proteins. One of these is a large protein (L) which may represent or may be part of the virus particle transcriptase (J. F. Szilagyi, personal communication). The other (NS) is a phosphoprotein (Sokol & Clark, 1973) whose function in the virus particle nucleocapsid remains unknown. Together these five virus particle proteins account for at least 75 % of the coding capacity of the genome.
A series of temperature-sensitive (ts) mutants have been isolated from both major serotypes of VSV. Within the Indiana serotype mutants of the Indiana-C and Cocal strains have been classified into 5 and 4 complementation groups, respectively (Pringle, r 97o; Flamand & Pringle, I97I ; Pringle & Wunner, I973) ; mutants of a strain of the New Jersey serotype fall into 6 complementation groups (Pringle et al. r97r ) .
Characterization of the phenotype of representatives of these groups has shown: (a) that ability to synthesize structural proteins at the non-permissive temperature (39 °C) was correlated closely with ability to induce synthesis of virus RNA; and (b) that there was no differential inhibition or synthesis of individual virus polypeptides or accumulation of precursor polypeptides.
Previous interstrain comparisons of VSV particle proteins have shown that mol. wt. differences of as little as ~ 500 can be clearly resolved by electrophoresis in polyacrylamide gel (Wunner & Pringle, 1972 c) . We have now compared the electrophoretic mobilities of the virus particle proteins of ts mutants with their respective wild types and found that mutant ts Dr, which is the sole member of group D of VSV New Jersey, has properties which make it unique among animal virus ts mutants. Two polypeptides (G and N) of this mutant have different electrophoretic mobilities from the corresponding wild type polypeptides, and one of these mobility differences is associated with the ts lesion.
METHODS
Cells. BHK-21 clone I3 cells (Macpherson & Stoker, r962 ) were used for propagation and assay of all strains and mutants of VSV. Infectivity was assayed by counting plaques on monolayers incubated 48 h at 3r °C under agar overlay.
Virus. The derivation of the wild-type strains and their ts mutants has been described in detail previously (Pringle, r97o; Pringle et al. I97I; Pringle & Wunner, r973) .
Isolation of clones. Where necessary mutants were recloned by isolating virus from individual plaques on monolayers with one or a few well-separated plaques after incubation at 3r °C for 48 h.
Wild-type revertants of mutant ts DI were obtained similarly by isolating virus from plaques on monolayers incubated 48 h at the restrictive temperature (39 °C). Ten reverted clones were isolated independently from six different clones of ts Dr and designated rev-r, rev-2, etc. (Table r) . Stocks of revertants were established by incubating infected monolayers in 3o ml bottles at the permissive temperature (3r °C) until c.p.e, was complete.
Labelling virus-specifiedproteins in infected cells. The method of infecting and labelling BHK-2I cell monolayers has been described previously (Wunner & Pringle, r972a, b) . Infected cultures were incubated for 4 h at 31 °C or 39 °C and then treated with ro -2 M-NaF for 2o min to differentially inhibit host protein synthesis after which the NaF was removed for a further 2o min. The cells were then labelled for 5 min with [3H]-L-leucine (6 #Ci/ml, > 3o Ci/mmol) or pS]-L-methionine (5 #Ci/ml, > ao Ci/mmol). Protein was extracted with 2 ~ (w/v) SDS, o.2 ~ dithiothreitol (DTT) and o'5 M-urea in IO mM-sodium phosphate buffer, pH 7"4, and dialysed against the same buffer containing I ~oo aDS, I ~oo a-mercaptoethanol and 0"5 M-urea. Protein concentration was determined by the Lowry method (Lowry et al. r95r) .
Isotopic labelling of virus. Monolayers of BHK-zr cells were infected at o.r p.f.u./cell. After incubation for 2 h at 3r °C in Eagle's medium with o'5 ~ calf serum, the infected monolayers were labelled with pH]-r-leucine (6 #Ci/ml, > 3o Ci/mmol), [85S]-L-methionine (5 #Ci/ml, > 2o Ci/mmol) or [ZH]-o-glucosamine-HC1 (r #Ci/ml, 5"I Ci/mmol) plus [ZH]-r-fucose (r #Ci/ml, r-4 Ci/mmol) (Radiochemical Centre, Amersham) and incubation continued for a further 20 h at 3 r °C.
Virus purification. The culture fluid was harvested and clarified by low speed sedimentation. A virus pellet was then obtained by centrifuging at 315oo g for I h (Beckman angle 3o rotor) and resuspended in o.o 4 M-sodium phosphate buffer (pH 7"4). Usually, the virus suspension was used directly for solubilizing protein or it was layered on a o to 4o ~ (w/v) RNase-free sucrose gradient in the same buffer and centrifuged at 73 5oog for 45 rain in a SW5o rotor. The visible virus zone was collected from the centrifuge tube by side puncture and re-pelleted as above to concentrate the stock.
Preparation of virus proteins for electrophoresis on polyacrylamide gel Proteins of pelleted virus resuspended in o'o4 M-sodium phosphate buffer (pH 7"4) were solubilized by incubation for I h at 37 °C in IO mM-sodium phosphate, pH 7"4, containing I ~oo SDS, 0. 5 M-urea and I ~oo 2-mercaptoethanol or o.I ~ DTT. All samples (of purified virus proteins and infected cell extracts) were heated at 90 to ioo °C for I rain before polyacrylamide gel electrophoresis. Sucrose was added to increase the density and bromophenol blue was added as tracker dye.
Polyacrylamide gel electrophoresis (PAGE). Polyacrylamide gels of IO ~ (w/v) total acrylamide were polymerized with 5 ~ N,N'-methylenebisacrylamide in either one of two buffer systems described below containing o.x ~ SDS, 0"5 M-urea and o'oo38 ~ K3Fe(CN)6. The gels were cast in glass tubes of 7 mm internal diam. with o'I25 ~ N,N,N',N'-tetramethylethylenediamine (TEMED) and o'o7 ~ ammonoium persulphate.
Continuous SDS PAGE. The resolving gel buffer was o.I M-sodium phosphate (pH 7"4) and the electrode buffer in the upper and lower reservoirs was o. I M-sodium phosphate (pH 7"4) containing o.I ~o SDS.
Discontinuous SDS PAGE. The resolving gel buffer was o'375 M-tris]HC1 (pH 8"9) and the electrode buffer was 0"o5 M-tris/glycine (pH 8"9) in the upper reservoir and o.I Mtris/HC1 (pH 8.I) in the lower reservoir. Both electrode buffers contained o.I ~ SDS.
A constant current of 6 mA per gel for 6 or 7 h and 2. 5 mA per gel for 2 h was applied to the continuous SDS system and discontinuous SDS system, respectively. Gels were cut in slices o'5 mm thick with a Mickel automatic gel slicer as previously described (Wunner & Pringle, I972c) and radioactivity in each slice was measured on glass fibre discs using a Philips (PW 451o) Liquid Scintillation Analyser (Helleiner & Wunner, I97I).
RESULTS

Comparison of virus proteins
Structural proteins of mutants from each complementation group of the three strains were compared directly with their respective wild-type by co-electrophoresis in SDS-polyacrylamide gel. No differences were detected between five mutants representing groups I, II, III, IV and V and their lndiana-C wild-type parent, or between four mutants representing groups o~, fl, 7 and ~ of VSV Cocal and their parent wild type strain.
But the situation was different when the parent wild type virus and ts mutants from the six complementation groups of VSV-New Jersey-M were compared similarly by pairing and mixing in all possible combinations. Mixtures which contained mutant ts D i (Group D) invariably showed electrophoretic mobility differences involving two polypeptides. The orthogonal comparison of ts DI with ts C4 (Group C) is shown in Fig. I (Fig. I a and c) . Five sub-clones of ts D[ all showed the same polypeptide mobility differences when virus proteins were co-extracted and co-electrophoresed with ts C4 virus proteins as a standard. The difference in electrophoretic mobility between G and N from ts DI virus particles and wild type G and N represents a mol. wt. difference of 35oo and Iooo, respectively. These values were estimated as described previously from a semi-log plot of mol. wt. against mobility using protein standards (Wunner & Pringle, I97Zc ) .
VSV structural proteins and the ts phenotype
Proteins specified by ts D in infected cells
Previous studies have shown that ts DI is an RNA positive mutant (Wunner & Pringle, I972b) , able to synthesize all the major (G, N and M) virus proteins and the minor virus NS protein in near equal quantities at both restrictive (39 °C) and permissive (31 °C) temperatures. Synthesis of L, the other minor virus protein, was difficult to follow as it was nearly always obscured by either high background radioactivity or poor resolution near the top of the gel.
The following experiment demonstrated that the virus polypeptides extracted from infected cells incubated at 39 °C exhibited the same mobility differences as those from virus particles purified from virus grown at 3I °C. Proteins extracted from cells infected with ts DI and ts C4 and incubated at 39 °C were compared directly as shown in Fig. za . Both the G and N polypeptides from ts D I-infected cells migrated faster than the corresponding ts C 4 polypeptides. Previously it had been observed that polypeptide G undergoes modification during maturation of the virus particle, since the electrophoretic mobility of G extracted from the cytoplasm of VSV-infected cells at 3[ °C or 39 °C was greater than that of G obtained from purified virus particles (Kang & Prevec, [97o; Wunner & Pringle, I972b and unpublished observations) . Co-electrophoresis of intracellular and virus polypeptides of ts C4 and ts DI (Fig. 2b and c) showed that the G polypeptide of ts DI exhibited this modification also. Consequently the increased mobility of polypeptide G of ts D[ was a separate phenomenon and not due to a failure of this maturation process.
The 
Polypeptides specified by revertants of ts DI
A series of revertant clones (Table I) were isolated in order to determine whether the altered mobility of polypeptides G and N of mutant ts DI was related to the ts lesion. Coelectrophoresis of these revertants with ts DI and wild type virus proteins in two different gel systems showed in every case that reversion of the ts phenotype to wild type was accompanied by a change in mobility of the N polypeptide, i.e. mobility was restored to normal. The mobility of the altered G polypeptide was unaffected. Comparisons of all pairs of revertants by co-electrophoresis showed that corresponding polypeptides had identical electrophoretic mobilities. Some of these results are illustrated in Fig. 4 electrophoretic mobility. Fig. 5 shows that the G polypeptide of the ts DI mutant and reverrant were indistinguishable, whereas the N polypeptide of rev-Io migrated in the wild type position.
There is no clear explanation for the differences observed in relative amounts of polypeptides L, G, N, NS and M for the different mutant and revertant clones. Several factors including (I) ratio of interfering (T) particles to B particles present, (2) number of times virus was passaged in cells and (3) alterations to virus particle structure during isolation and purification may affect the relative amounts of polypeptides.
DISCUSSION
Mutant ts DI has properties which make it unique among the ts mutants of VSV which have been described so far. Two of the five structural proteins of the virus particle have altered electrophoretic mobilities, yet viability at the permissive temperature for growth is unimpaired. The magnitude of the differences in electrophoretic mobilities of the virus polypeptides of ts DI is similar to that observed between serologically different strains (Wunner & Pringle, 1972 c) , however, the pattern of change is characteristic so that there is no possibility that ts DI is a laboratory contaminant. Furthermore, ts DI is neutralized specifically by VSV-New Jersey antiserum. Indeed both ts DI and revertant rev-7 (both of which possess the altered G protein) were neutralized more effectively than wild type or mutants of complementation groups A, B and C. Deletion of genetic material is suggested by the fact that G and N of mutant ts Dr are smaller than the corresponding wild type proteins. However, the reversion of N to normal mobility accompanying reversion from ts to wild type (f ,,~ 5 x ro -5) makes this interpretation unlikely at any rate as far as the N protein is concerned.
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The defect in the N protein appears to be causally related to the temperature sensitivity of ts DI, because reversion of the ts phenotype is accompanied by a restoration of normal electrophoretic mobility to the N protein. This is the first direct association of a VSV complementation group with a defective structural component of the virion.
The relationship of the G protein defect to the ts mutation is unknown. The simplest interpretation is that ts DI is a double or multiple mutant, where the G protein mutation is fortuitously associated with the ts mutation. However, if the N and G defects are caused by independent mutations, the probability of isolating a clone defective for both N and G simultaneously would be less than for clones defective in N alone. Furthermore, aberrant electrophoretic mobility was not associated with any of the ts mutants of the Indiana-C and Cocal strains of VSV..
An alternative possibility is that a single mutational event produced the ts phenotype. Two virus gene products might be affected simultaneously if the mutation involved a macromolecular processing function, e.g. cleavage of messenger RNA or cleavage of a polypeptide precursor, provided that this was a virus-coded function. Since the G and N polypeptides of ts D I are both smaller than wild type G and N, however, it is difficult to provide a simple explanation of the ts D I phenotype in this way. Furthermore, there is no direct experimental evidence of post-translational cleavage of polypeptides in VSV-infected cells, or of cleavage extracellularly during the maturation of the virus particle. None of the VSV ts mutations show any accumulation of precursor polypeptides at 39 °C, [and the only maturation phenomenon, the modification of the G polypeptide at maturation, has been shown not to be involved (Fig. 2b and c) . Cleavage of messenger RNA must be considered since VSV messenger RNA's are smaller than and transcribed from the virus genome. There is a requirement, therefore, for post-transcriptional cleavage of transcribed RNA or internal initiation of transcription. The identification of multiple initiation sequences by Roy & Bishop (I973) , however, makes the cleavage hypothesis unlikely. Studies are in progress in our laboratory to investigate the transcription and translation of messenger RNA which specifies the N polypeptide of mutant ts D1 and revertant.
It is also possible that the mobility differences detected in these experiments do not represent differences in molecular size which is the assumed basis for polypeptide resolution in SDS-polyacrylamide gel. Since the ts mutations were induced under conditions expected to produce single amino acid substitutions, the ts phenotype would be expected to be an expression of a conformational change in a protein which is characteristic in its SDS-polypeptide form rather than a size difference of a polypeptide. Furthermore, G is a glycoprotein and the isotope incorporation experiments indicate that mutant and wild type differ in the degree of glycosylation which would affect electrophoretic mobility.
